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MEMORAI'DUX REPORT

for the

" Army 'Alr Forces, ﬁateriel_aonmand ~
GENERALIZED PERFORMANCE SELECTION CHARTS FOR
' SINGLE-ENGINE PURSUIT AIRPLANES
By H. Reese Ivey, Geérge W. Stlckle, gnd Maurice J. Brevoort
. SUMMARY
The NACA has carried out an investigation of the effect
of wing loading, power Jloading, and aspect ratio on the per-
i formance of pursult alrplanes, The study 1s based on data
| combined from speclfications, wind-tunnel and flight tests
of varlous modern fighter alrplanes, and the results are
presented on graphs.that show the performance that may be
obtained by airplanes having an aerodynanic cleanness that 1is
approximutely the best found in present production airplanes;
For the purpose of this report, the charts are prepared
for alrplanes powered by one 2000-horsepower radial alr-cooled
engine, but are placed on coordinates that allow thelr use
for alrplanes of -different power for the determination of
trends,
INTRODUCTION
The NACA in cooperation with the milltary servicgs hai'
made g study in which bormber alrplane performance-has been
graphically related to bomber parameters. - These-studieé
were bassd upon statilistlcal informatlon obtained on exlsting
millitery bomber types. The present report continues tﬁia
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atudy 1n.regard to single~engine pursult airplane performance
based upon statlstical Informatlion on milltary pursult
alrplanes.

In reference 1 1t was shown that airplane parameters

are divided 1nto two groups:

Primary (dimensional) Secondary (efficiency)
Altituce Engine'economy
Power Aerodynamic efficlency
Gross welght Structural efficlency

Viing aresa

1he rejports of references 2, 3, 4, 5, and O rclated
bonrber rerformance to the primary rarameters whlle the
secondary parameters were held const-nt. Reference 1
examlned the effuct of magnified varlatlons of the secondary
or-efficlency parameters while trhe primary perameters were
held constant. The present report relates the primary
paremsters of pursult alrplanes to their performance while
the secondary or efflclency parametsrs are held constant.

For thls analysis the power 1s taken as 2000 brake horse-
power and the altltude, gross welght, and wing area are varled.
The efficlency parameters are selected to be comparable to
latest production pursult airplanes; therefore the charts are ™ -
useful in determining approximatc performances that may be
reallzed today. The performance charactéristics that are
related to the ahove parameters are: speed, rate of climb,

take-off distance, rate of roll, radius of turn, and time
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to turn. The report 1s roughly divided into twb'parts:
(1) the effect of winhg loading, power loading, and dimensions
on the general trends of performance of pursult airplanes and
(2) the effect of varyiné the wing area and aspect ratio of
a given alrplane with a fixed load, permitting changes in the
wing and power loadings according to:those requlred for-
structural welght varlations. The pursult airplane differs
from the bomber in that 1lts gesoline and bomb loads are flxed
at a minimum to permit high rate of climb and great maneuvera-
bility; therefore, the =second part of the report 1s made a
necessary addition since the change in structural weight cannot
alter this load as was done in the bomher study.

The nmaln purpose of this report 1is to show the trends
of performance in a convenlent grarhical forn that may be
used wlthout laborlous computations, The results of the
analysls are presented in thse form of charts which are
discussed 1n the body of the report. The assumptlions upon
which the charts are bullt are given in appendix A, the formulas.
used are given in appendix B, and a discussion of the limlta-
tions of the charts 1s gilven 1ln appendix C.

The charts are arranged as follows:

Figure- ) Sub ject Altltude Coordinate system

(r't)
1(a) Cormposite selectlon chart sea levesl W/P versus W/S
1(b) —————  am we ow wm mm do.“‘" --------- 15,000 Do.
1(c) —emcmmma——a A0 e====~ -————— 25,000 Do.
1(d) —emmmmm——eo o 1o T T —— 40,000 Do.




10(b)
101(c)
10(d)
10(e)
10(f)
10(g)

11(a)

Sub ject

Take-off run

———;--—-—-———do 9 T g o= e e .

Weight varliation
Rolling veloclty
Rolling veloclity wilth a
30=pound stlick force

The effect of aspect
ratio on power loading
(Constant loads)

The effect of aspect
ratlo on tali:e-off run
(Airplane A)

"he effect of aspect
ratio on rate of climb
(Airplane A) .

The effect of aspect
ratio on high speed
(Alrplane A

" The effect of mapect

ratio on radius of
turn (Airplane A)

The effect of aspect
ratio on time to turn
(Airplane A)

The effect of aspect
ratlo on rolling
(Alirplane A)

The effect of wing
loadling on take-~off
ran (Airplane .A)

Altltude
(ft)

sea level
5,000
fea level
15,0C0
25,000
4C, 000
sea level
15,000
25,000
40,000
sea level
15,000
25,000
40,000
gea level
15,000
25,000
40,000
any alt.
=D e~—~

all alt.

any alt.

soa level
and
£,000

all alt.

el s P T
ey ==
--_qo._-_

---do s===

. sea level

Co4rdinate system

W/P versus \i/S
Do.
Do.
Do,
DO«
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
Do.
p'versus b, and Vmph

Do.

W/P versus K
s vercus R
Ve vorsus R
‘mph versus R
r versus R
t versus R
p! ve¢rsus R

s versus VI/5



Flgure Sub Ject Altlitude Coordinats system
" " ) b o thw or . ", - _(ft) ’

11(b) The effect of wing load-

ing on rete of climb

(Airplane "A) all alt. V., versus W/8
11(c) The effect of wlng load- '

ing on high speed
‘ (Airplane A) . =--do.--- V., versus v/s

11(a) The effect of wing load~ |

lu.g on radlius of turn

(Alrplane A) ' ~==dO,=== r versus V/S
11l(e) The effect of wing load- .

ing on time to turn

(Airplane A) ~==d0, === t versus W/S
11(f) The effect of wing load-

ing on rolling

(Alrplane A) -==-do. === p! versus W/S
11(g) The effect of wing load- '

ing on rolling with a

30-pound stlclt force

(Alrplane 4) =G0 ¢=== Do.
SYMBOLS
a acceleration, feet per second per cecond
b wing span, feet .
c speed of sound, feet per second
f Cp dreg coefflcient o
CDi Induced~drag coefficlent, gﬁﬁ
Cpo profile-drag coefflclent
Ct, 11ft coefficlent
D drag, pounds
s Dy - - landing-gear drag, pounds
e span efficlency Tfactor

frontal area of fuselage, square feet

F
K experlimental conatant
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1ift, pounds
1ift o drag ratio
ilach munber, V/e
englae brake horsepower
rate of roll, radlans per secound
rate of roll, degrees per second
excess bralke horsepower for climbing
engine cooling thrust horsepower
thrust horsepower regquired for rmplng engine
coolimy: air
dynarmic nressure »f tne elr =tream, (% pV?), 1oumds
per square foot
q corrected for compresslblliity,
E',! p'lfg(l + % M?- + . . .)], vounds ner squaare foot
adfus of turn, fest
minimum radius of steady turn, fest
minlmwn radlus of accelerated turn, feet
aspect ratio, b2/s
take~off dlstance, feet
wing area, square feet
time to turn, =seconds
propeller thrust, pounds
temperature, “Rarkine
alrplane speed, feet per s=econd

rate of cllimb, feet »er minute
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gross welght, pounds
propelleé-éffibiéhdj

p alr density, slugs per cubic foot
7 rolling friction coefficlent

. . PRESENTATION OI' FIGURES

Selectlion Charts. - Performence selection charts for

single~engine pursult airplanes powered by a 2000-horsepower
engine- are glven for four altitudes (sea level, 15,000 feet,

£5,000 feet, and 40,000 feet) in figure 1. These charts are

bl Y 1Y

drawn on the coordinates of the alrplane wing and power loading.
They present performance curves of speed, rate of climb, take-
off distance, minimum radius of steady turn at constant
altitude, and minimum time to turn 360°. Using the

welght formula of appendix B, the gross weicht of many alrplanes
is corputed for constant internal loads (the internal loads

are consldered to be the gross weight minus structural weight);
the loads are expressed as & power loading, W5/P, and are
plotted on the selectlon charts to indlcate the avallable
alrplane power loading for a glven load and wing loading.

A comblnation of thse weight curves and the performance curves
permit the determlnatlion of the effect of changing ths wing
area of a glven alrplane on lts performance.  Each of these
performance and weight curves are glven 1n more destall as a

function of wing and power loadling in flgures 2 to 7.

I
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The values of the efficlency parameters used in the con-
struction of these charts correspond to the best present-day
producticn airplanes and therefore tl.ey are uvreful in obtalning
a rough approximation to the avallable performance of nursult
airplanes with a given set of primary parameters. Forx
exanple, if 1t 1s desired to determlne approximately the
perfornance of a pursuit alrplane with e wing loading of
40 pcunds per square foot. and a power loading of 6 pounds per
horsepower with an engine supercharped to 25,000 Teet altituds,
the performance may be read elther from figure 1(c) or in rore
detail in firures 2 to 8. For alrplanes having 2000 horse=
pover we have W = 12,000, S = 300, ond b = 41.5.

The performance estimates obtalned are:

1l. FKilgh specd, 435 milec per Iiour

2. Rate of eclimb at 25,000 feet altltude, 22E0 feet per

ninute |
3. Takc=off run aut sea level, 1270 fest
4, Minlmum radius of steady tuvrn at 25,000 fect altitude,
2250 feet

5. Kinimum tirme to turn 360° at 25,000 fect altitude,
4% seeconds

6. Rate of roll at 400 mlles per hour at 25,000 fecet

altitude, 68° per second
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Rate of roll. - Unlike the otbher performances, rute of

fdll‘iﬁ'ﬁot'a'funcfion of - engine-power or-airplane weight and
therefore 1t 1s not useful to Qlot this performance on the
coordinates of wing and power loadling.” The actual rate of
roll of an alirplene 13 dependent upon many factors that cannot
be slmply represented in chart form, for exampléi the asero-
dynamic and mechanical balance of the allerons, the ailefon
effectlveness, the wing stiffness, and rioment of inertia about
the rolling axis. However, certein general trends of this
performance craracteristic may e convenlently represented
in three-dinenslional graphs, 1f reprecentative values of the
abova sffects arc taken from experlence on airplanes.

The geometric relationship of the helical path of an
airplane in a steady roll may be written in the form

Bb =g
2V

By assigning values to K, thls relationship may be
shown as surfaces on three-~dimensional plots. It has bheen
found that the wvalue of this constant for a representative
pursult elrplane 1s K = 0,034. Thls surface 1s plotted in
figure 8 on the corrdinates of wlng span 1n feet, alrplane
forward speed in niles per hour, and rolling velocity in
degrees per second. To obtain the rolling velocity for any
other value of K, the values of rolling velocity from fig-

ure 8 may be multiplled by the ratlio of values of K.
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This relationship must be modified in the actual alrplane
by the stick force the bilot cﬁn exert. .If the values obtained
on the same representative pursult airplane are used to fix
the degree of aerodynamic balance, a new surface may be placed
on these three-dimensional plota by fixing values of altitude
end aspect ratio. (See appendix B for methods of analysis.)
Figure 9 shows these double surface plots for varlous altitudes
with an aspect ratlo of 5.75. These surfaces combined with
the planes through the coordinate axes form a volume. Several
planes are passed through this volume and are shown shsded in
each part of figure 9 1n order to show the rolling performance
of representative alrplanes as a function of speed.

Since the time required for an alrplane to reach 1lts
meximum rate of roll is very short, partlcularly at the high
speeds at which rate of roll seems important, the initlial
porlod of accsleration is neglected and cnly steady rolling
1s considered. It is worth while to understand the limita-
tions on the airplane under these conditions. At low alr-
speeds, the pilot can deflect the allerors fully arnd roll at
a given hellx angle 1in which case the rate of roll varles
directly with speed and Ilnversely with span, being lndeopendent
of wing area. At very high airspeeds the limitation on stick
force determines the rate of roll; for alrplanes having a
constant aspect ratio the maximum rolling velocity variles
inversely with speed and inversely as the fourth power of the

span or lnversely as the square of the wing area.
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Bffect of aspect ratio of airplane A . - The change of

ﬁé;foémaﬁééldu;-féla chanze in the aspect ratio of the wing

of a glven airplane ls shown in flgure 10. The alrplane
chosen for the example ls shcwn on figure 1 as-alrplane he
It has a power loading of 6 pounds per horrepower and a wing
loading of 40 pounds per square foot, which for this study
corresponds to a gross vielght of 12,000 pournds with 300 square
feet or wing area.

The varlation in the power loading due to the change in
structural welight with aspect ratlo 1eg pivren in filgure 10(a).
In the stndy of the other performance characterlistics 1t
should be remembered that this change in structural welght
Increases the power loading at hlgh asrect ratio. The
optimum aspect ratio for any performance 1s obtained by the
best balance between this structural effect and the cffect
of aerodynamic considerations. A study of figure 10{c)
showing the effect of aspect ratlo on rate of clirmt should
suffice to explain thls type of chart. In addition to
airplane A, two other arbltrary airplaenes (Ag and Ag) are
spotted on the figfure. It 1s seen that alrplane A has almnost
the optimum aspect ratio for climbing at 25,000 feet. If
the aspect ratlo 1s increased to that of alrplane Ag, the
rate of climb 1s less because the extra structural weight
more than offsets any galn in aerodynamic efficiency. Ir

the aspect ratio 1s reduced to that of aifplane hg, the
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rate of clinb is less because the decrease 1n aerodynanic
efficlency more than offsats the effect of lighter structural
velghts.,

Effect of design wins loading onAEQrformance.'- The

change of perférmance due to a change in wing area of alrnlene
A 1s given In figurs 11l. The power loading based on internal
loads only (no structural welghts) 1e kept constant at 4.03.
The dashed line in fifure 7 glves the counectlon betvsen the
power loadlng of the sirplane and the resultling vwing loading
g8 the wing area 1s vurled. It =lould be remerbersd for

the purpose of this section that the airplane with a light
wing loading 1s heeavier than the alrnlane with & high wing
loading.

4 study of figure 11l(b) 1s helpful in understanding the
figures showing the effect of wing loading on perfornarice.
One conclusion easlly drawn 1s that small chenges in wing
area (and hence wing loading) have very little effect on rate
of climb at sea level, but at high altitudes a low wing
loedling is helpful.

PERFORMANCE TRENDS

In order to study the trends in performance as affected
by¥ changes in loads, wing area, and rower losding, ssveral
alrplanes are spotted on figure 7. The performance of each
is tabulated In the following sections, for airplsnes heving

2000 horsepower. The bvasls of corparison 1s alrplane A
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with W = 12,000, § = 300, R = 5.75. The rate of roll 1s
given at 400 miles per hour true airspeed, and all take-off
runs are at sea level.

The effect of renoving a 1C00=pound load. - Alrplane Al

is obtalned by removing a load of 1000 pounds from airplane A
thus obtaining W = 11,000, S = 300, R = 5.75. The followlng

tablas can be used for comparison of alrplenes A and Al.

w0
- - . ™

" an L .O-S E‘ r~ LY
] =] g 55 D P 'g-l-" qg —
ﬂt ! - 00 o P §° ~
o < + | i - o [SI) £ o D [o]
o o ] ] [p] o G [ I 2 0 -0
g o' OB o Gy 8. )
o.m} ~ S L= Gy =N G~ = Gy = O = -]
ey -] §5 ° L ® °B| °§|*%| ¢
23| 53 e | 22| 5| 3B SE|83
g — % ) B .g « 23 & ap| o | 8 23
o <3 @ ! < ] o o
= A n = [ =] o= o £ o

Comperison of 4 and Ay at sea level

“irplane A [LO 6.0 |l1.5(1270 3075 355 | li20 560 19.2 {31
Adrolene fy|36.7 15.5 | L1.5{1050 2500 355 | 3685 500 17.5 |31

i /A 2| .2 1.0 .83 1.l 1.0f .92 .87{ .91} 1.0
Comparison of A and &; at 15,000 feet altitude

Airplane 4 |LO 6.0 |ln.5 2625 Loo 1670 1025 |28 Lo

kirplane Ay|36.7 15.5 |L1.5 3000 Loo {610 900 |25 JFs)

A /A .92 .92| 1.0 1.15| 1.0 .92 871 .91] 1.0
Comparison of £ and Ay at 25,000 feet altitude

Airplane & |LO 6.0 |L1.5 2250 {435 {935 ({2250 |43 |68

Lirplane 47| 36.7 {5.5 |l1.5 2750 L35 {850 1900 |39 68

Al/i .92 .92 1.0 1.22] 1.0 .92 .85/ .89 1,0

Comparison of A and &7 at 40,000 feet altitude

Airplene & |LO 6.0 |11.5 1625 510 |1700 (L750 {70 125
Airplane A3]|36.7 }5.5 |L1. 2100 510 |1560 |LOOO |é1 125
A1/A 92| .92] 1.0 1.3} 1.0 .92 .84l .871 1.0




The effect of designing for a 1000~pound lighter load.

Alrplane Ao 1s obtained by designing airplane A for a load
1000 nounds less than the orlginal dssign. This glves an
airplane similar to airplane A; except that the strucitural
welght 1s less. From the cata of figure 7 we obtaln

W = 10,600, S = 30C, R = 5.75. The Tollowing tetles list

the data on elrplenes A and Ag.

S E~ 7]
" a0 [= 1 . £ o
&3 <3 g g-g . P £ 8l ~
seld el 2 | 28| < | 22| 23 B2
C o
"8 - g 8 o [ 3] D I G @ G P m | 5} g
o_w .—c.-g"{ o 34 N 2 ‘H - 4 = O =] & @
.q\a A\E - ?-g o-g ] ou og +o oﬁB
) .0 o A o o ® O <. . '.’:1 . H 3 -3
g grl & a1 24 3 g » o P gux 83
o B 9 e 4 : ot
- [« (2] [ 3] J et joa] a1 l = = -~
Corr:arison of A and A, at sea level
Airplane Alho 6.0 |la.5{1270 {3075 355 (420 560 T19.2 31
Airplane Ap) 35 5.3 111.5] 950 |3750 355 |370 L60 16.5 |31
.A-a,n -88 .88 1.0 |75 1-22 1-0 -(38 : ap |86 1.0
Comperison of A end Ap at 15,000 feet altitude
Airplane A |40 6.0 {11.5 2625 Loo [é70 1025 |28 Lo
Airplane Ap| 35 5.3 {L1.5 330¢  |Luo {580 ‘825 {23.5 |9
Ag/i .88] .88{ 1.0 1.26' 1.0 .88 .BOI .85| 1.0

Comperison of A end Ap at 25,000 feet eltitude

Airnla.ne Lo 6.0 {1.5 2250 435 {935 2250 I3 68
lene 32 35 5.3 {l1.5 3000 435 (815 1750 |37 |68
/,Z .88] .88] 1.0 1.33| 1.0 .88 .78 ““J 1

Comparisan of A and fip, &t 50,000 feet altitude

Arpleze i |LO 6.0 |L1.5 1625 510 {1700 {4750 |70 125
iirolane Ayf35  [5.3 |ld.5 2Loo  |510 {1500 |3600 3 125
/A .88| .88} 1.0 - 1.8} 1.0] .88 .76] .e3| 1.0




s

- 15 =

The effect of change in deslgn vower loading, - This

sectlon shows the effect of deslgning an a;rn;aﬁe for‘a lower.
power loadilng with the same wing loadiné. Alirplane Az, the
alrplane used here for an example, 1s obtalned by designing
aifplane A for a load 1000 pounds less than normal and then
decreasing the wing area (and hence the structurai welght)
until the wing lcading 1s the same as that of airplane A,
From flgure 7 we can estimate ¥= 10,400, S = 260, R = b5.75.
The followlng tables list the detai}n of airplenes A and Az.

= "]
* b3 d rn. % r—: '.E;. '?‘. -
EEE R B I O FA
YA8al 3 “ 3} a ® g8 ® & pal o
S .-4< -~ I TN 3 o of 2] o of B
A58 5| S5 2B | 4 | S5 5|5l a2
ga1 858 § S8 R& & 3 ; 32| 8%
28N £ 4 & 4 | &7 EV AT |27
Comparison of A and A3 at sea level
Airplene A {0 6.0 |L1.5 {1270 |3075 355 120 580 19.2 |31
Airplane A Lo 5.2 {38.6 {1070 {3750 365 L20 530 17.8 |l
Azﬁ. 1.0{ .87 .89 8L  1.22] 1.03f 1.0 93 931 1.3
Comparison of A and A3 at 15,000 feet altitude
Airplans A |LO (6.0 [L1.5 2625 Loo 670 |1025 28 Lo
Airplans Az Lo [5.2 |36.6 3250 {410 670 950 25.5 |65
A;/X 1.0 .87 .09 1.2 1.03 1.0 91 91] 1.32
Comparison of A emd'.t!.3 at 25,000 feet altitude
Airplene A |Lo 6.0 Jl1.5 2250 |L435 (935 |e2s0  |L3 - |es
Airplano i Lo 5.2 |38.6 2900 Ls0 935 |2000 29 91
.A./I)A 1.0 .87 .89. 1-2 1-03 l.o .89 .89 1-32
Comparison of 4 and Az at 140,000 feet altitude
Airplene A [LO ’6.0 1.5 1625 " |s10 1700 (L4750 70 125
Airplene A3{L0 [5.2 }38. 2200 525 1700 L4100 é1 150
Aﬁ 1.0} .871 89 1.35| 1.03 L. .87 .87] 1.2
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The effect of design wing loading. - To show the eflect

of declgning an alrnlane for a different wing loading, 1t

is nocessc1y to deslign for the same internal losad.

Alr-

plane A, 1s the alrplune dbtalned by designing alrplane i

for a wilng loading ol &5 lnstead of 403 1t is obtalned by

moving &elong the comstant losd line (WS/P = 4.03) 1in filgure 7

mtll the Aerlred volnt is reachsacd. From the glven wing

loadling, and the power loading Ir.dlcated 1n flgure 7, we find

that alrplare A, has ¥ = 12,009, 8§ = 549, R = 3.7S. Further
results are preserted ln the followlng tal-les. .
‘ri -l IV_!
- ' = "51 . _g’ ':_% -
$ | & g a8 = © » e | g3 ~
813 T & 98 =) S 3 22 2813
-r?: 4; E o o S °F 3 “ o p N
SE|~E S TEL s | B ug S| Syl B
0B E.g ﬁ' o o o0 5, . 3 . 98 o 5
g ~ paw A o P g P LR D) S]] L
= o 3 p g & o &
= n, w H : == =} (3] | —~
Comparison of & and A at sea level
Airplane A | L0 6.0 (1.5 {1270 |3075 355 L2o 580 19.2 |51
Airnlane 4|35 6.1 {LL.8 {1140 }3100 340 370 510 17.7 {23
Ah[A .88 1,02} 1.08 .90/  1.01 96| .88 58 .92 .7h
Comparison of A and A)-L at 15,000 feet altitude
Airplane A (4O | 6.0, (k1.5 225 |Loo [670 [1025 |28 |lg
Airplane 4|35 6.1 |L4.8 2075 385 580 910 25.5 |3
4 /A .38[1.02{ 1.08 1.0 .96 .83 R: =Y
o
vomparison ol A and Ah at 25,000 feet eltitude
Airolane A |10 6.0 jL1.5 250 135 gx 2250 L3 é8
Airplane 4|35 6.1 iLL.8 2325 520 615 2000 Lo 50
ALA -88 1.02 1-08 . 1.03 1.96 .83 -BS -92 -7’4
Comparison. of A and 4; at 110,000 fest altitude
Mrplane A |40 6.0 [41.5 1625 510 {1700 4750 |70 125
Airplane 4] |35 6.1 fLL.8 1750 {495 1500 4200 |65 33
A)_/X .88*1.02 1.08 H 1.08 .96 .88 .88 .92 «Th




CONCLUSIONS -
L. Take-off distance 1s adversely affected by increased
power loadlng or wing loading.

2. Rate of climb is incfeusdd by a décrease In the power
loading of the airplaﬁe. The effect of wing loading is
negligible at sea level, but light wing loadlngs are acvan-
tageons at high eltitudes.

S5« The maxirum speed increases with wing loading and
decreases with power loading Iin the norrial range of values used
for pursuit airplenes. The maxirum speed of pursult alrplanes
1s almost unaffected by overloading.in the normal range.

4. The ninlmum radius of steedy turn at constant altitude
1s adversely affected by Increased power loadlng or wing load-
Ing in the normal range encountered on modern pursult alrplanes.

5. The ninirmum radlius of accelerated turn Increases with
wing loading. It 1s not arffected by power loading.

6. The time to turn at constant altltude 1s adversely
affected by increased wing and power loading.

7. At high forward specd where the alleron deflection 1s
determined by the stick force, the rate of roll decreases with
forward veloclty and wing area, For this condition the rate
of roll 1s unaffected by aspect ratio. At low forward speeds

whore the pillot can give the ailerons full deflection, the rate
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of roll increases with forward speed and decreases with wing
SPAT. In this case low aspect ratlo la advantageoué.
Langler emorial aeronautical Latcoratory,

National Advisory Committee for Aeronautles,
Langley Fleld, Va., February 6, 1943.
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APPENDIX A

S “Alrplane ' Cheracteristics

Alrplane characteristics change because of -mprovements
In engines, materials, and aerodynamic design. The alrplanes
that form the hasis of the report represent rresent deslgn.

A& studr of 1nformatioﬁ obtained from the Materiel Ccimand
Lialson Office at Langley Fleld srnd from reports on puwrsult
elrpluanes tested in the HACA full-scale tumel led to tha
assumption of a ming and tall drag coeffleclent of 0.011C based
on wing area, and elso a fuselage drag coefficlent of 0.03
based on froﬂtal trea. This gives Cp=0.0110 - 0.0172_%

+ 94§§E + %ﬁ;, the sacond term representing a coircction for
the wing area enclosed by the fuseclage. The horsepowsr
requlred for pumping the engine cooling air, P,, end the
thrust power, Pj, obtalnable from thc heated alr lsaving the
cowling, are calculated for the high-spsed condition, bhut Pj
is neglected at all other speeds.

Since high altitude operatlion required bilgger ducts and
more supercharging equipment, it is neceésary to increase the
effective frontal area in the alrplanes desiyned for high
altltuds. In.a similér manner 1t ls necessary to change the
propeller eff;ciency ané power required for coolling with

altitude. The following table lists the simultaneous values

used.
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TABLE I - Pertinent Assumptlons

F, P,
=Tt pp Alpitude - Mturn  Teltmb "high speea” ¥
23.5 €35 0O 0.003%V 0.80 0.85 5.75
25.5 1.5 15,000  .0032V .78 .02 5.75
24.0 €5 25,000  .0C21V .78 .62 5.75
25.0 185 40,000  .0013V .78 .82 5.%E

Cooling Power
Tne power required for engine cooling is e=stimated from
reference 7 wlth 50 pnercent extrsa fin width for the calcula-
tlons at 40,000 feet. Power for puuwplng alr for the inter-
cooler is found from reference i. The total ccolings powsar
1s tabulated above as P,. The thrust possible from the hot

(A

engins cooling air 18 estimated from reference % to De

b = _ 561V°
J 259507, + V

2
Fuselase
It 1s assumed that the effectlve cross sectlion of the
fuselage is independent of the weight of the airplane since
the cross sectlon willl be influenced mainly by the ensine
diameter and the altitude the alrplane munt be asupercharged
to. These 1ltema sst the minimurm diereter snd there ceems

to be little advantare to Increasins above thls ninimur.
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Span Efflclercy

The span efflclency factor 1s assumed to be 0,8 for all
1ift coefficlents less than 1.5, therevafter decreasing linearly
to 0.6 at a 11ft coefficlent of 2.5.

Lspect Ratio

An aspect ratlo of 5,75 1s used In all the calculatlons

except those showlng the effect of aspect ratio.
Landing Gear

During take-off calculatlons the addltlonal alr drag
caused by the lowvered landing fear 1ls considered. The extra
dreg 1s based on tests indicating that the drag of Ltires
acconnts for approximately 70 percent of the total landing-
goar alr dreag., The airplanes are consldered as belng
supported by 10-ply hilgh-pressure tires in which case the
tire frontal area and hence érag will vary as the alrplane
welght. The drag can be oxpressed as Dy = 1.3 X 10"7 W V2.

A value of rolling frictlon coefficient of 0.05 is used;
thlis value 1s to he expected on flelds with short grass.

Propeller Efficlency and Thrust

Propeller slzes and efflciencles were investligated with
the help of reference 10 for 15,000, 25,000, and 40,000 feet
altlitude with propeller tips operating at the speed of =sound
in the high~apeed condition. In order to keep the trends in
performanco correct 1t 1s declded to vary propeller officlency

with altltude and speed in a manner to be expected for

—_
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2000-horsenower propellers of small diameter and high tip
speed. The values used for the efflclencyr are llstad 1n
tsbls I. Since the calculations for turning are at a low
apeed, 1t 1< assumed that the efficlency varles dilrectly with

crvesed up to the maximnm efficlency.
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APPENDIX B
“TT ™ ' PERFORMANCE QALCUI.ATI'OIIS-
Take-off Run
Take-off run ls conslidered as the distance requlired for

the airplane to eccelerate to a speed at- -which it can leave
the ground with a 1lift coefflclent of 1l.0. The propeller
designed for use at 15,000 feet is used in the teke-off
calculations because 1t glves results that wlll be more con-
servative than the propellers designed for higher altltude.
The thrust for the propeller is matched closely up to Z00 feet

prer second by the curve:
=T, - K Ve

at sea level the thrust 1s taken as T = 51CO - 0.017% V2
and at 5000 feet altitude T = 4470 - 0.0154 V2. Tquating

the summetlon of the forces to the mass times the acceleration

L

- - P y2 -Dy = ¥
W 5 \' SCDO Dy ga

g A
where up 1s teken as 0.05, Cp, = 0.0110 - 0.0175 2 +

7

0.08F
S 14

Dy = 1.3 x 10" ' W V2. 1Integrating and solving for the

distance requlred we have an equatlion of the form

Kg (1.15
8 = _§._L'_——) 1oglo =
Kg Kg V




whers

1
Ry = To = 0.05W, Kg = (-0.01108 *+ 0.017s% - 1.88) £ - 1.3 x107"-k,

W
£ scp

Pigure 2 1s plotted for the case of all airplanss being

2 _

Ke = 35192 V =

pulled to a 1lift coelficient of 1 when the alrvlare lLas sul-
ficlent speed for the teke-off. Points on the graph are
obtalned by substltuting the corresponding values of V and
S 1n the above equatione.
Rate of Climb

An investigation of the horserowsr avallable and horse-
power required shows thet che rate of clirmb at raximum L/D
and the maxirmum rate of climb ére very nearly the sams for
all sirplenes and hence &8ll rates of climb are calculated in
the maximum L/D condition by use of the following egquations.
.Bquating the horsepower avallable with that required

. 1 =

, AT op ko

1
550 (emR)Z ¢Z

mP = P, nPg

_ 33C00 mP,
Vo = 7]

High Sieed
Equating horsepowers 1ln the high-qheed condition
7

qy =V 2  o.osF , Ci2
np + Pj = Py + —Ero 0.C0110 - 0,0178 + S + s




w2 cr2 :
Subst*tuting —_— = —=. and solving for VW

82q1 emR . MR

1
W= JeﬂR Sq12 [550 (nP-ZQ;PJl - 0.01108 + 0.0170%% - 0.0BF]
. 1

Substituting various velues of 8 for each value of V we
obtain curves of constant_velocity es In filgure 4.

The values of q7 are obtalnéd from a chart showing the
dynamic pressure corrected for compressibllity as a functlon
of altltude ard snesed. In the absence of a chart of this
tvpe, the d;ymeamlc pressure can be calculated by the rolatlion

q; = 5 o7 (1+%:M2+. . )
Minimum Radius of Steady Turn and !NMinimum Radius
of Accelerated Turn
The maneuver deslgnated in thls report as riinlmum railus
f steady turn 1lc the ninimurm radius of turn that the alrplaunes

\
can make wlthout changing theilr altlitude or speeds. Equating

= g3
550 (nP - Po) _'% SY <§;o + eﬂ?Z)

If we have the vertical component of the 1lift equal to

powers

the welght of the alirnlane, the horlzontal component gives an

acceleration toward the center of the turning circle.

2 o _ W V2
1 -« W~ = E -
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It Tollows that

wy2

s\@ sv‘?cL)2 - W

r =

Substituting a glven value of W and S we obtain a value
of V and r for each C; value used. If we plot r
versus V for an airplane, the mininum ordinate of the curve
repreaents the minimum radius of turn.

The equatlons used can be differentlated and solved for
tre wminlmam radius but the assumptlons are such that four
formulas of considerable complexity are requlred for each
altitucde, each applying to some range of 1lift coefiicients
and velocities.

Tor airrlanes 1n a vertlcal bank, the ahove formula can
be eimplified to r = vy__2
S €PCLpgx

Minimum Time to Turn

In.finding the ninimun time to turn, the calculations
are made for a turn of 360°. The tlme for turning smaller
angles can be found by rultiplying the time indicated on the
cherts by the corresponding fraction of a complete turn.

Given that

t = &7

v
wa see that the time to turn 1s a minimum when 6 is a minimunm.

Thlis corresnonds to the point of tangency of a line from the

orlgin to the curve of r versus V from the preceding part.
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Obviously the line from the origin becémes tangent to
' fﬂe curve of r versus V at a higher Speed than the minimum
point of the curve, hence the minimum time to turn.ia always
at a higher speed than the, speed for minimum radius of turn
except where bhoth maneuvers occur at the stall.
The Effect of Aspect Ratlo

An example (airplene A: W/P = 6, W/3 = 40, R = 5.75)
1s chosen for an Investigation of the effect of varylng the
agpect ratlo on performancs. The equetions used are similar
to those already glven except that conslderable simplificatlion
of the formulas can be made. Wlng area l1s assumed ccnstant
but woight and hence power loadling and wing loading vary as
calculated by the formulas under the heading, VWeight Varlatilon.

The Effcect of Wing Loading

Alrplane A has 1ts wing area varied, keeping aspect ratio
constant at R = 5.75. Using the new welghts as calculated
by the welght variation formulas, the wing loadlng and corre-~
sponding performance 1s computed by previous methods.

Welght Variation

It 1s assumed that the welight of the wing can be calculated

by the wing weight formula,

W - 0.75(Ug) - 0.5(Wz)

Wy =
Kt

—_ + 1
fR% s%
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Vin, the alighting gear, is taken.as 0.08W; Wgz, . the dlstrib-
uted ibad, 1s considered as 1800 pounds for 2000-horsepower
puarsult aiéplanes; K 1s assumed to be 100,000; t, the
wing thickness ratlio, 1s taken as 0.16; f, the ultimate
load factof, is 12. .

It 1s assumed that the welght of the tall is 13 percent
of the welght of the wing, and the fuselage 1s 10 percent of
the gross welght. Tho internal concentrated loads of the
alrplane are consldered as Vg . Combining the parts of the
alrplane

W = 0.10W + 0.08W + ¥y + 0,13Wy + Wq + Wx,

0.82 % = 1.13W) + Wy + W, (1)
but _
Wy = W - 0.75(0.08W) - 0,5(1800) _ 0.94% - 900 (2)
‘100000 X 0.16 ., 1833.3 , 1
5z 'K
12R” 8 R 8
Substituting (2) in (1):
1333.3 4 3
2 s2
Solving for U
( 3-1 3 %
1333.3 + R2 S°) (Wa + Wz) = 1017 R S

Wi =

1093.3 - 0.2422 RS 82



4

In plotting the results, Wy d1s substltuted for Wy + Vg
and curves Qf boﬁbtdht"%? "are plotted on coordinates of
g versus g end R. _ |

Confirmation of Validity of Wing Vielght Formula

It 18 desirable to show that the wing welght formula is
sufflclently accurate for use 1ln thils report. For this

purpose it can be used in the form:

Wy = L= 0.75(W2) - 0.5(w3)
100000 &

1
_ ¢ 2 P
The data from certain actual alrplenes are tabulated below:

(1) (2) (3) (4) (5) (8) (7) (8) (9) (10)  (11)

Alr- Vi L] W S W 11

plane 2 3 £ i : 1 1 9
(Calcu- (fictual) (10)
lated)

P39D 7620 387 979 12 0.1 5.42 213 877 931 0.94

P4OF 8525 500 898 12 ,.,1lE 5.90 236 1152 1128 1.02

P43 7285 775 116 12 .16 5.79 224 902 958 «94

P47D 13220 1116 1806 12 .16 5.61 300 1689 1533 1.10
P51 7967 648 485 12 .14 5.82 236 1111 1070 1.04

The relative error seems ;s small as can be expected in view
of the different types of structureg, alrfoll shapes, and
cutouts.

Maximum Rolling Veloclty

In calculating the rate of roll of .pursult alrplanes,

- two cases are consldered: (a) ailrplanes rolling with maximum

aileron deflection, (b) alrplanes rolling with a 30-pound

stick force.
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In the first case E% = K. For one of the bést pursult alr-

plenes in present production X = 0,084. Substituting
L v
! X —— =D and V =
S T rph 1,467 v
dosired the formula as used becomes: p' = 14.12 —%PE.

in o»der to obtaln the units

In the second case 1t 1s reallzed that the rate of roll
with constant stick force 1s critically dependent on the
percent aerodynamic balance of the allercns and that thls
degree of balance 1s different for different alrplanes, a
representative airplane known to have light controls s chosen
a3 a basls for the calculatlion of the rate of roll at constant
stick forcs. The rolling velocity can be stated as p' = EE%V
for sinllar airpluanes. Fror1 the performrance of the alrplane

used a3 a standard, K 1s calculated to be K = 130,200,000,

Substlituting thls value 1n the above equatlon and changing
88740000' .

units we have p!' = )
pb Vmph



APPENDIX C
DISCUSSION OF THE LIMITATIONS AND COORDINATELS OF .CHARTS
Take-off Run

The teke-off run is largely dependent on the hendling
of the controls of the airplane, and varles conslderably for
different -pilots. .By assuming a systematic handling of the
controls we get a reasonable distance required for take-off
and the curves show the trends to be expected when all the
alrplanes take off at a 11ft coefflclent of 1.0.

Rate of Climb

There are several factors leading to the selectlon of
clirbing at the attitude for maximum I/D. If each alrplane
had to be 1nvestlgated as to the horsepower avallable and the
horsepower requlred at several specds, the work would be
unnecessarlly involved in finding the maximum rates of climb.
Consequently some systematic variatlion of climblng speeds 1s
desirable. For all the practical alrplanes on the charts,
the rate of climb at maximum L/D 1s approxiﬁately equal to
the meximum possible rate of climb.

The assumption of relatively high propeller efflclencles
in the climb condition 1s justifiled since most of the forward
speeds while flying at maximum I/D are high.

Hilgh Speeds
The actual values of speed are dependent upon the

essumptions of drag, aspect ratlo, propeller efficlency, and
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pltitude but the curves should prove useful in showlng the
performence obtalnable in new deslgns, and in showing the
geins in speed that can be obtalned in existing designs by
changes in welrht, power, wing area, or altituds.
‘Hinimum Redius of Turn

The conditions for steady turning are that the alrplanes
ehall not stell, change thelr altitudes, speeds, or requlre
more power than that avallable. For most of the light-welght
airplanes, particularly at low altltudes, the minimum radius
of steady turn occurs close to the stall. VWVherever needed
it 1s assumed that flaps can be used with optimum deflections.
The maximum 1ift coefficlient with flaps deflected fully 1s
taken as 2.5.

The minimum radius of accelerated turn occurs 1n a
veértical bank and momentarily the pllot can lose altitude
or use up part of the kilnetlc energy of the alrplane to
Increase effectlively the power avaellable for the manéuver.-
This makes the radius of turn a function of only CLmax,
p, and W/S, so the steady turn charts can be used to
rlve the minimum radius of accelerated turn bf using the
correct wing loading for the alrplanes but ﬁ power loadlng
of zero.

Minimum Time to Turn
The same assumptions used for the mininum radlus of turn

calculatlons also apply to the calculations for ninimum time
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to turn. As a whole the speeds involved are slightly higher,
propeller .efficlencies are. higher, and lilft coefficlents are
slightly lower at the speeds for minimum time to turn.
The - Effect of Aspect Ratlo

A particular airplane (airplane A: W/P = 6; W/3 = 40,
R = 5.75) 1s chosen for further investigstilon of the effect
of changing the aspect ratlo on all the performance. This
method of investigating espect ratlos must not be considered
sufficliont for flnal selection of the desired aspect ratlo.
For lnstance, the alrplane consldered above may be the most
desirable airplane for a specific misslion at 25,000 feet, and
by varylng the aspect ratlo, keeping wing area constant, we
may be able to Improve the performance; however, the original
values of power loading end wing loading do not apply to the
new alrplane since the structural welght has changed.
Flgures 9 to 14 allow for the varlatlion in structural welght,
and these show tho performance to be expected.

The Effect of Wing Loadlng

Airplane A 1s agaln chosen to show what happens to the
performance of an alirplane when the wing loading is varied by
changing the wing area, allowlng for the change 1ln structural
welghts, keeplng the aspect ratlo equal to 5.75. . Flgure 7
1s extremely lmportant in that 1t may modify conslderably the
conclusions drawn from the other filgures. Its use 1s also

important because 1t glves a rapid method of estimating the
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avellable wing and power loadingb of an alrplane having a
certaln ratio of internal weilghts to horsepower. .
Coord;nate System _

The only coordlnate system requiring an explanatlon 1is
one using power loading as the ordinate and wing loading as
the absclssa. These generallzed coordinates allow the
superposition of the chartq to form a composlte chart to be-
used for alrplanes of all dlfferent powers and slzes. The
performance estimated from the charts checks flight tests.of
actual airplanes very well except for the rate-of-roll curves;
many alrplanes do not have sufficlent aerodynamlc balance to
allow the desired alleron deflectlon at high apeeds to attain
the rolling velocitles shown. The rate of roll is dependent,
on the size of the alrplanes rather than on power and wing
loading snd 1= not Included on the latter coordinates becauss
the chart would have to be limitsd to one definite power.

The foregoling dlscussion gives the uses and limltatlions
of the charts. The use of the charts 1s the presentation
of airplane relection in a manner which shows the ‘actual
coripronises belng mads. Alrplene designers will probably
have other assumptions they would prefer for building charts
of thelr ownj; they can use the 1included formulas' to adapt.
the charts to thelr use, or can use welght verilatlon curves
of their own with the giveﬁ selection charts provided the
aspect ratio of the alrplanes under conslideratlion 1is eqéentially

the same as that used in the charts.
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